Objective: The goal of this study was to test the feasibility of visualizing a 3-dimensional structure of cerebral white matter fiber tracts in preterm infants, postconceptional age (PCA) 28 weeks to term, by using volumetric diffusion tensor magnetic resonance imaging (DTI) data.
D
iffusion tensor magnetic resonance imaging (DTI) characterizes the diffusion of water molecules by using motion-probing spatial encoding. [1] [2] [3] [4] A voxel-specific diffusion tensor acquired through DTI represents 3 orthogonal principal axes of diffusion, with the eigenvalue equal to the apparent diffusion coefficient (ADC) along each axis. During human neurodevelopment, a degree of anisotropy may exist in a neonatal brain before the histologic appearance of myelination. 5, 6 The early myelination process hinders isotropic free diffusion, and consequently creates diffusion anisotropy along white matter (WM) axonal tracts. [7] [8] [9] Therefore, DTI (and diffusion-weighted imaging) has been used to examine the degree of myelination during early neurodevelopment 10 -13 as well as to detect differences in maturation of WM among premature infants. 14 -18 WM tractography (or "WM fiber tracking") techniques have been developed to establish interregional connectivity between major WM tracts by tracing the path of greatest diffusivity. 19 -24 Estimating the orientation of the diffusion tensor, especially from preterm/term infant brain data, is challenging because the magnitude of the magnetic resonance signal is generally reduced in neonates as a result of the smaller voxel size needed for resolving their smaller anatomic structures. In addition, the developing infant brain possesses vastly different tissue characteristics from the adult brain in numerous aspects such as its water content and degree of myelination, 25, 26 thereby reducing the anisotropy values in the WM tracts. 17, 27, 28 These factors potentially confound the ability to track WM fibers accurately.
Recent investigation by Zhai et al. 29 showed the feasibility of performing WM tractography on newborns at term. However, the application of fiber-tracking algorithms to DTI data acquired from preterm newborns has not yet been demonstrated. Therefore, we were motivated to test the feasibility of performing DTI tractography on preterm newborns of different postconceptional ages (PCAs) from 28 weeks to term (40 weeks old). Furthermore, we also aimed to examine the feasibility of establishing the age-dependent neurodevelopment of WM tracts during the third trimester, the period in which these tracts undergo active ensheathment by developing oligodendrocytes and the early phase of myelination. 6, 11, 25, 26, 30 
METHODS

Subjects
All studies were conducted according to the ethical and safety standards set forth by the Institutional Review Board. The data was gathered from a larger ongoing magnetic resonance imaging (MRI) study on preterm infants. A total of 26 neonates were examined for this study. Thirteen infants with evidence of significant perinatal or postnatal hypoxiaischemia, brain hemorrhage, severe cardiac or lung disease, or sepsis were excluded from further processing. The remaining subjects had normal brain MRI findings, normal measurement of ADC, and fractional anisotropy (FA) in selected regions of interest (ROIs), normal body weight at time of scan, and normal findings from follow-up neurologic examinations and developmental testing at the age of 1 year.
After screening the DTI image quality related to significant movement/equipment-related problems (n ϭ 7), 6 preterm infants (male:female ϭ 2:4) with variable PCAs at the time of MRI data acquisition (from 28 weeks to 40 weeks) were selected for data processing and implementation of the algorithm. The subjects' gestational age (GA) at birth ranged from 26 weeks to 30 weeks ( Table 1 ). The subjects' PCA and GA were estimated based on the last menstrual period or early ultrasound examination. As a result of the subjects' ages, adequate safety procedures such as real-time monitoring of cardiorespiratory rates and O 2 saturation level were provided to the infants under the constant supervision of a pediatrician. All subjects were medically stable and off mechanical respirators, and informed consent was obtained from both parents. A healthy adult subject (28-year-old man) was also recruited to provide a qualitative reference to the infant DTI data.
Imaging Protocols and Parameters
All images for this study were acquired from a 1.5-Tesla MR scanner (GE Medical Systems, Milwaukee, WI). All infants were fed just before the study and were asleep during the MRI examination. The infant subjects were positioned in the foam bead cushion (X-Ray Product, NY) within a standard birdcage adult RF headcoil. After the acquisition of a T1-weighted 3-plane localizer, a line scan diffusion imaging (LSDI) [31] [32] [33] sequence, which is relatively insensitive to bulk head motion, 34 was used to acquire the diffusion tensor images. Imaging parameters were as follows: TR/TE ϭ 2592/64 ms; slice thickness ϭ 4 mm; in-plane resolution ϭ 1.4 ϫ 1.4 mm ) were also collected. For adult data acquisition, the same imaging parameters were used except for the following parameters; slice thickness ϭ 5 mm; in-plane resolution ϭ 1.7 ϫ 1.7 mm 2 using 128 ϫ 96 scan matrix; Field of view ϭ 120 ϫ 165 mm 2 ; reconstructed in-plane resolution ϭ 0.9 ϫ 0.9 mm 2 . M  907  72  11  85  --30  28  F  793  85  24  98  --34  27  F  736  89  28  387  32  54  36  28  F  878  96  89  685  29  96  39  30  M  1303  188  115  799  52  175  40  26  F  878  297  172  838  66  190 IFOF, inferior fronto-occipital fasciculi; OT, optic radiations.
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Data Preprocessing and Vector Representation
The DTI image data was reconstructed offline using a workstation (Ultra10; Sun Microsystems, CA) to calculate the diffusion isotropy/anisotropy and ADC values from the raw diffusion weighted LSDI images. 32 All other processing and visualization routines were performed using a MATLAB computational environment (Mathworks, Natick, MA). Sixdirectional diffusion tensor components were calculated from the baseline images and from the images with high diffusion weighting.
1,2 From the calculated tensor components, 3 eigenvalues of the tensor were derived with their corresponding eigenvectors. The FA and ADC were also calculated for each subject. To visualize the diffusion tensors with anatomic images, we used the method adopted by Peled and colleagues. 
Seed Point Selection
The eigenvector map resulting from the DTI was further processed with a 3-dimensional eigenvector-tracking algorithm. To examine the anatomically specific connectivity of WM fiber bundles, the definition of a suitable starting point for the tracking was necessary. 22, 24 We used a method similar to that of Catani et al., 22 whereby multiple ROIs can be defined for seeding and for the visualization of the traced WM bundles. Because low anisotropy is present in neonatal WM as a result of immature neurodevelopment, manual selection of the seeding areas was necessary for the initiation of the tracking routine. Based on the subject's anatomy, several seeding areas were defined to include: 1) genu of corpus callosum, 2) splenium of corpus callosum, 3) posterior limbs of the internal capsule bilaterally, 4) thalamic geniculates and optic radiations bilaterally, and 5) anterior limbs of the external capsules bilaterally (example shown in Fig. 1 ). These ROIs were drawn on the tensor-field image overlaid on a FA map (as used for Fig. 2 ). The users manually defined the seeding region around the apparently elevated FA values (at least greater than 0.3), carefully considering the neuroanatomy of the infant brain. Therefore, the size of the ROIs and the number of seeding points varied according to the individual's age and anatomy. However, the density of the seed points remained the same across subjects.
Tensor-Field Tracking and Generation of White Matter Fibers
Once seeding areas were defined, fiber bundles were traced by following the primary eigenvectors (ie, the first eigenvector-the largest of 3 principal eigenvectors) in 3-dimensional space until the FA of the tensor in a given pixel fell below a predetermined threshold level of FA ϭ 0.2 or until a rapid change of tensor direction (30°per 1 mm) was detected. 34 To calculate the pixelated trajectories of the vector field in 3-dimension, the fourth-order adaptive Runge-Kutta method for the integration solver was used. [35] [36] [37] A trilinear interpolation method was used for obtaining a subvoxel estimation with a 1-mm step.
To address the problem of crossing fibers and the concomitant reduction in local anisotropy, a regularization scheme was added to bias toward the tensor tracking. 34, 38 Time-critical processing elements such as an integration solver and visualization coordinate calculation were programmed and compiled using the MATLAB compiler. Traced fiber bundles were visualized with a stream tube rendering method. 22, 39, 40 Several display options were implemented, whereby the traced WM tracts were pseudocolored according to the regional FA values (from 0 to 1) and were overlaid on FA images or T2-weighted anatomic images for anatomic references. The number of traced fibers was counted and logged. Figure 2 shows visualization of the traced fiber bundles obtained from a full-term infant (PCA 40 weeks). The WM bundles from the genu and splenium of the corpus callosum, along with the corticospinal tracts traversing through the internal capsule, were easily identified. Optic tracts originating from the thalamic areas and fronto-occipital fasciculi passing through the anterior limb of the external capsule were also clearly visualized. Color-coded FA values overlaid on the visualized WM tracts showed that the seeding areas in the corpus callosum and the internal capsule contained elevated FA values compared with their peripheries (Fig. 2) .
RESULTS
Visualization of Traced Fiber Bundles
White Matter Tractography of Neonates With Different Gestational Ages
We examined the feasibility of establishing the agedependent development of WM tracts using tractography. We applied the tractography algorithm to infant subjects across different postconceptional ages (approximately 2 weeks apart). The number of traced WM tracts were counted and tabulated in Table 1 . As a result of the high spatial resolution necessary for infant imaging and concomitant low signal-tonoise ratio (SNR), coupled with weak anisotropy, the optic radiations and fronto-occipital fasciculi were not detected for infants of PCA 28 and 30 weeks. Although evaluation is only qualitative due to the small number of test subjects, more tracts were identified with increasing age (Fig. 3) . Tractography results obtained from an adult showed more distinct fiber tract formation and higher FA values within the fiber bundles than infants (in blue tone, same color-coding scheme shown in Fig. 2 ).
DISCUSSION
Brain injury in preterm newborns is a major problem. Nearly 50% of very-low-birth-weight (VLBW) infants (Ͻ1500 g) exhibit some degree of cerebral WM injuries. 41 Subsequently, approximately 10% of such infants develop cerebral palsy and nearly 50% develop serious congenital defects. 41 It is likely that injury to the cerebral WM tracts and resulting impaired development of these tracts underlie later disabilities. The use of WM tractography has been illustrated in the examination of the abnormal structural connectivity present in neurologic/psychiatric disorders, 42 as well as in the examination of damaged WM tracts resulting from tumors and stroke. 4 Tractography techniques have also been used to perform a virtual dissection of WM tracts 24 and segmentation of thalamic structure by regional connectivity. 43 As a new noninvasive imaging method for examining preterm infants in vivo, the potential future applications of DTI-based tractography include the early detection and diagnosis of neuropathology associated with WM damage.
Using DTI tractography, we successfully isolated several major WM tracts from a preterm infant as early as PCA 28 weeks old and visualized the age-dependent development of these tracts. Because the tracking algorithm was applied to a small number of infant subjects, generalization of the age-dependent development of WM tracts was not possible. However, spatial normalization of the tensor data along with its group processing, 34, 44 or longitudinal acquisition of DTI from a single subject, can help to establish a developmental timeline of human brain development.
DTI for the infant population poses a unique set of technical challenges, especially for preterm infants. For example, complicated scan logistics are necessary to ensure the safety of preterm infants in a MRI environment. Furthermore, sedation is ill advised for a routine MRI examination, causing FIGURE 2. Three-dimensional rendering of the traced white matter tracts for different connectivity in the brain (data obtained from a fullterm infant). Visualized tracts were embedded with color codes, which represent the magnitude of fractional anisotropy: (A) the genu of corpus callosum, (B) splenium of corpus callosum, and (C) corticospinal tracts (corona radiata). Tractography of (D) optic radiation and (E) inferior fronto-occipital fasciculus are shown overlaid on T2-weighted axial anatomic images.
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In Vivo Visualization of White Matter Fiber Tracts the data to be more vulnerable to bulk head motion. The small brain volume requires the acquisition of the MR data at a much higher spatial resolution with the price of a significant reduction in the SNR, adding significant difficulties for estimating the tensor orientation. In addition, low anisotropy of an immature brain makes tracking more problematic. Despite these challenges, we have shown that it is possible to visualize the major WM fiber tracts from a premature neonatal brain by using a combination of tracing and visualization algorithms that have been used in adult tractography studies. 22, 24 It is important to note that there are several inherent obstacles in tracing and delineating WM bundles from DTI data. In addition to the absence of a "gold standard" for in vivo tractography, 36 it is fundamentally difficult to classify the branching/crossing and merging of fibers. 45 To alleviate these limitations, we used a rule-based regularization scheme 38 and human intervention (manual definition of seeding areas). 22 The main disadvantage in manual delineation of seeding areas is the introduction of user-bias in tractography results. The adoption of an automated regional segmentation routine based on the DTI data, similar to the one used in the thalamic regional segmentation of an adult brain using a novel probabilistic tractography algorithm, 43 could provide user-independent definition of the seeding area. Further study is necessary to provide tracking criteria/parameters for neonatal DTI studies that would eventually become operatorindependent.
Our implementation has shown that optic tracts and inferior fronto-occipital fasciculi with small anisotropy were difficult to trace during the earlier human gestational ages. The failure of tracking these WM fiber bundles are likely as a result of low anisotropy, 17, 28 combined with low SNR associated with infant imaging. The higher stopping criteria for FA value (eg, FA Ͼ0.2 compared with the FA Ͼ0.15 used in an adult study 22 ) may have also contributed. The quality of WM fiber tracking depends on the quality of the DTI data (such as SNR and spatial resolution) and on the robustness of the tracking algorithms used. For better tractography results, the current spatial resolution (1.4 ϫ 1.4 ϫ 4 mm 3 ) should be improved to have at least a 3-mm slice thickness. 22, 34 The reduction in the MR signal associated with the data acquisition at higher spatial resolution can be partly compensated for by the use of a smaller-diameter head coil for pediatric imaging purposes or through imaging at a higher field strength. 29 In this context, parallel MR imaging techniques 46 would be an advantageous option for increasing speed and spatial resolution of the data acquisition for preterm infants. The optimization of imaging and tracking parameters in the context of neonatal imaging, including preterm infants, constitutes a major focus of our future investigations.
